Introduction 1
Enteroaggregative Escherichia coli (EAEC) are etiologic agents of diarrhea. Bhan et al 2 (5) initially defined a role for EAEC in persistent diarrhea in rural Indian children. Since 3 then, EAEC have been implicated in sporadic acute and persistent diarrhea in 4 industrialized as well as developing countries (reviewed by 24, 27-28, 46). EAEC 5 isolates have also been implicated in a number of diarrheal disease outbreaks (12, 23, 29, 6 48, 55). EAEC strains adhere to the intestinal epithelium in a signature stacked-brick 7 fashion. They form a copious biofilm and deliver one or more toxins to the host to 8 precipitate diarrhea. Toxins include the enteroaggregative heat-stable toxin, a plasmid 9 encoded enterotoxin (Pet), as well as Shigella enterotoxins 1 and 2 (reviewed by (24, 10 46)). EAEC are exceptional colonizers; many EAEC strains carry at least one of four 11 types of aggregative adherence fimbriae (AAF) and may also possess afimbrial adhesins 12 (4, 6, 8, 11, 15, 17, 39, 42) . In addition, several EAEC strains express dispersin, an 13 antiaggregation protein (Aap), believed to promote detachment from EAEC biofilms and 14 seeding of new infection foci (54). Heterogeneity is an established feature of EAEC; no 15 known EAEC strain produces all of the known EAEC virulence factors. 16 
17
Gene acquisition is an important evolutionary route to virulence but pathogenicity can 18 also be enhanced by the loss of genetic material. For example, pathoadaptive deletions or 19 'black holes' in Shigella genomes are the basis for a biochemical deficiency that also 20 enhances virulence (16, 34) . The E. coli cad operon contributes to acid resistance through 21 the product of the cadA gene, lysine decarboxylase. Lysine decarboxylase converts 22 lysine to the basic polyamine cadaverine, which is exported from the cell by the lysine-23 on October 17, 2017 by guest http://iai.asm.org/ Downloaded from 9 M9 buffer and placed on a slide containing a thin layer of 1% agarose. Fluorescent 1 microscopy was used to visualize GFP-or dsRed-expressing bacteria within live worms 2 as described by Tan et al (57). 3 4 HEp-2 adherence assay. The method originally described by Cravioto et al. (13) was 5 used with modifications necessary for delineating aggregative adherence stipulated by 6
Vial et al. (66) . HEp-2 cell monolayers were cultured overnight in 8-well chamber slides 7 (for qualitative tests) or 24-well plates (for quantitative assays) to 50% confluence in high 8 glucose DMEM with fetal bovine serum, streptomycin and penicillin (Invitrogen). 9
Cultures of test bacteria were incubated in LB at 37 ºC without shaking overnight. On the 10 day of the adherence assay, the HEp-2 cells were washed three times with PBS and then 11 refreshed with high-glucose DMEM containing 1% mannose (without fetal bovine serum 12 and antibiotics). 10 µl of overnight bacterial culture was added to each well. The infected 13 cells were incubated for three hours at 37 ºC in 5% CO 2 then the culture medium was 14 aspirated and each well was washed three times with PBS. The cells were fixed for 20 15 minutes with 70% methanol and then stained for 20 minutes with a 1:40 dilution of 16 Giemsa in PBS. Adherence patterns were observed using oil immersion light microscopy 17 at a 1000 X magnification. For quantitative adherence assays, as described by and that since cadaverine, the product of lysine decarboxylase, interferes with Set1 7 toxigenicity in Shigella, the cad genes might be inactivated in EAEC strains that have 8 set1 genes. We screened 49 EAEC strains for the cadABC genes by PCR and lysine 9 decarboxylase activity. Thirteen of these strains have previously been reported to carry 10 the set1A gene (14, 44) and the presence of this gene in these strains was confirmed in 11 this study. Forty-six (94%) of the 49 EAEC strains tested, including all the set1 positive 12 strains, possessed an intact and functional cadAB operon (Supplementary Table 1) . 13 Therefore we conclude that, although many EAEC strains have the Shigella enterotoxin 14 genes, set1-positive EAEC strains do not have the pathoadaptive deletion that has 15 previously been reported to enhance the Set1 activity in Shigella (34). 16 
We identified only three EAEC strains, all set1 negative, from which the cadAB genes 18
could not be amplified. These lysine decarboxylase-negative isolates were from different 19 geographic locations and therefore were epidemiologically unrelated (Supplemental 20 Table 1 ). One of the three cadAB-negative strains, EAEC strain 101-1, was isolated 21 during a large outbreak in Japan, involving over 2,600 school children, leading us to 22 hypothesize that the cad deletion might be pathoadaptive. The lysine decarboxylase 23 defect could not be restored in strain 101-1 by cloned cadAB genes from E. coli K-12 1 strain MG1655 and the cadC gene could also not be amplified from strain 101-1. The 2 sequence of the yjdL-yjdC intergenic region, which contains cadABC in E. coli K-12 3 strain MG1655, was retrieved for strain 101-1 from the in-process genome (Genbank 4 Accession number NZ_AAMK00000000). From pair-wise alignments with E. coli K-12 5 strain MG1655 DNA, we determined that strain 101-1 has a 30 bp deletion in the cadA 6 gene as well as a larger deletion in cadC, the gene product of which is responsible for 7 activating cadAB ( Figure 1 ). The cadA clone used to complement pathoadaptive 8 deletions in Shigella (pCADA) (34) was introduced into EAEC strain 101-1. In this 9
clone, the lysine decarboxylase gene is under the control of the lac promoter. Upon 10 induction with IPTG, the trans-complemented derivative of strain 101-1 demonstrated 11 lysine decarboxylase activity in vitro. The finding that a strain that was responsible for a 12 significant outbreak tested cadAB-negative prompted in vivo studies on this strain to 13 determine whether the cadAB deletion was pathoadaptive, as it is in Shigella and E. coli 14
O157. 15 16
EAEC strains colonize C. elegans and are virulent in the slow-kill assay: We fed six 17 well-studied EAEC strains (Table 2) to C. elegans in a slow kill assay essentially similar To show that increased death rates are associated with EAEC colonization of the worm 5 intestine, worms were fed with EAEC strains 17-2 and 042 that expressed GFP under the 6 control of the lac promoter. Worms fed on these strains in the presence of IPTG were 7 observed by fluorescence microscopy. As shown in Supplemental figure 1, bacteria 8 could be located along the entire length of the intestine when worms were fed on EAEC 9 strains. However, OP50 bacteria bearing the same plasmid were found only in the 10 anterior pharyngeal region and no colonization of the gut was observed, indicating that 11 unlike EAEC, OP50 does not colonize distal to the grinder. 12
13
The cadAB deletion in EAEC strain 101-1 is pathoadaptive in the C. elegans slow-14 kill model: We compared slow-kill of C. elegans by EAEC strain 101-1 alone and strain 15 101-1 complemented with pCADA to determine whether lysine decarboxylase capability 16 was attenuating. As shown in Figure 3 , the lysine decaboxylase complemented strain, 17 induced with IPTG, was significantly attenuated when compared to wildtype (p=0.001) 18 but was still more virulent than non-pathogenic strain OP50 (p=0.001). We additionally 19 observed the effects on the slow-kill profile of strain 101-1 when 300 µM of cadaverine 20 was added to the culture medium in order to determine whether exogenous cadaverine 21 would produce the attenuation seen when lysine decarboxylase activity was restored. Virulence is usually mediated by toxin secretion, biofilm formation, or colonization. We 5 have shown that EAEC strains kill C. elegans when used as a food source, most likely by 6 means of an infection-like process and that EAEC colonize the distal C. elegans intestine, 7 whereas non-pathogenic E. coli do not. This work provides the groundwork for the 8 future identification and characterization of putative EAEC virulence factors. 9
Furthermore, by demonstrating pathoadaptiveness of a cad deletion, a paradigm that has 10 been documented for other intestinal pathogens using other systems, this study 11
demonstrates that the C. elegans model is well-suited for testing colonization and 12 pathogenesis-related hypotheses. The cad deletion, which prevents the bacteria from converting lysine into cadaverine and 11 thereby reduces acid resistance, is the best-studied pathoadaptive deletion. There are a 12 number of mechanisms by which this deletion has allowed bacteria to more efficiently 13 infect its host. In Shigella, the deletion specifically promotes Shigella enterotoxin 14 activity because cadaverine inhibits the activity of this toxin (34). Additionally, the 15 deletion promotes intercellular dissemination since cadaverine has been shown to reduce 
